Abstract. Measurements are reported of population densities in the energy level systems of neutral and singly ionised titanium. The discharge under investigation was a high-current hollow cathode operated in argon or neon as a buffer gas. The measured kinetic and population temperatures of the neutral species differ by more than a factor of two. For the metal ions there is direct evidence of the effects of charge transfer and Penning collisions producing departures from a Boltzmann distribution. For the Ar-Ti hollow-cathode system inversion between the populations of the 5s and 5p configurations has been found.
Introduction
The development of gas discharges for laser applications based on charge transfer as the inversion mechanism has renewed the interest in hollow cathodes (e.g. McNeil et a1 1976) . A large number of metal-noble-gas combinations are promising candidates for laser oscillation in the ultraviolet (Johansson and LitzCn 1980) . It would be desirable for the selection and optimisation of these systems to have a comprehensive theoretical model for this type of discharge. Rather successful attempts have been made to develop a semi-empirical model describing the dependence of the metal-vapour and noble-gas ion densities on the current (Warner et a1 1979) . For the development of a complete model one needs information about the distribution functions of the level populations of the atomic and ionic metal species. Until now such information has been available only on a rather indirect basis:
(i) by observing the output power, if laser action has already been attained, or
(ii) in the form of line enhancement measurements by comparing spectra of continuous and pulsed hollow-cathode discharges (Johansson and LitzCn 1978) . We report measurements of absolute population densities for a number of representative energy levels for neutral and ionised titanium in a high-current hollow cathode with argon and neon as buffer gases.
Experimental
The hollow-cathode discharge as described by Danzmann and Kock (1980) consisted of two cylindrical anodes symmetrically opposing the cathode with a straight-through cylindrical bore of 100 mm length and a diameter of 8 mm. After evacuation by means of a turbomolecular pump down to a pressure of mbar the discharge was operated K Dantmann and M Kock in 99.9995% pure argon at a pressure of 0.6 mbar or in neon at a pressure of 7 mbar. These pressures correspond to the most uniform discharges. Discharge currents of up to 20 A were supplied by a 600 V, 150 A power supply with an RMS ripple of 2%. The population densities of neutral and ionised titanium in the ground level and in the metastable levels have been determined by means of the hook method (e.g. Marlow 1967) . The advantages over conventional absorption spectroscopy are as follows:
(i) no intensity measurements are required;
(ii) the optical thickness of the lines does not enter; (iii) the hook spectra can be recorded on film using its immense storage capacity, whereas the non-linear response of a film is of no influence.
The apparatus consisted of a 3.4 m Ebert spectrograph, a Michelson interferometer and a high-power capillary discharge serving as a background light source. The hook spectra were evaluated using the hook technique (e.g. Huber 1971) and with hook vernier (Sandeman 1979) .
In hollow cathodes population densities of excited levels are too small for application of the hook method. We determined the corresponding population densities by emission spectroscopy employing a 2 m McPherson monochromator in conjunction with a photon-counting system. The line intensities were calibrated with a carbon arc as a radiation standard using the absolute data given by Einfeld and Stuck (1978) and by Magdeburg and Schley (1966) . The optical thickness of the lines was checked in a way similar to that described in an earlier paper (Danzmann and Kock 1980) . For the emission measurements, a length of plasma lying within 1 mm of the axis of the hollow cathode (where the intensity is most uniform) was imaged 'end on' onto the monochromator. Due to the lack of spatial resolution in the axial direction the densities measured represent values averaged over the whole length of the column.
For the evaluation of the experimental data we have used the oscillator strengths of Danzmann and Kock (1980) and Kuhne eta1 (1978) . For some lines we used the data of Roberts et a1 (1975) and Wiese and Fuhr (1975) .
Results and discussion
Results for Ti I are shown in figures 1 and 2. The population densities of the excited levels of Ti I clearly follow a Boltzmann distribution with a corresponding population temperature of 4900 K for the Ti-Ar system and 4700 K for the Ti-Ne system. In the current range investigated these temperatures are independent of the discharge current. The ground state and the metastable states are overpopulated with respect to this Boltzmann distribution. The overpopulation decreases with increasing current.
We have also determined the kinetic temperature of the metallic component from the half widths of the Gaussian line profiles obtained with a high-resolution FabryPerot interferometer. The atom and ion kinetic temperature is 2000 K*8% in the Ti-Ne hollow-cathode discharge in accordance with the results Vaessen et a1 (1978) have obtained from a Cu-Ne hollow cathode laser. Gerstenberger et a1 (1980) found close agreement between the kinetic temperature and the population temperature of some highly excited He I levels in a He-Cu hollow cathode, both of which were of the order of 1000 K. Those authors assumed the population temperature of the neutral species (at least for the highly excited levels) to be equal to the electron temperature of the low energy group of electrons in a hollow cathode. In the Ti-Ne cathode, however, the kinetic and population temperatures differ by more than a factor of two. Moreover the population temperature of neutral titanium is higher by nearly a factor of five than the He I population temperature measured by those authors.
In our opinion the population temperature is not likely to be equal to the electron temperature, although it is felt that the energy levels of the neutrals are populated by electron collisions. Excitation and de-excitation collisions may be in equilibrium, but depopulation of excited levels by ionising collisions cannot be balanced on a local basis alone. Under the present discharge conditions three-body recombination is a very improbable process and rates for radiative recombination are too low by several orders of magnitude. Diffusion to the wall should be the dominant ion loss mechanism. Estimates show that the electron temperature may be substantially higher than the population temperature.
The population distribution of ionised titanium (figure 3) shows a completely different behaviour. A description by means of a Boltzmann distribution is no longer possible. The population density as a function of level energy passes through a minimum and rises again, so that the populations of the high-lying levels show inversion. Evidently these levels are populated to a considerable extent via the thermal energy charge transfer reaction Ar' +Ti + Ar + Ti+*, Littlewood et a1 (1979) have measured the production rates of zinc, cadmium and mercury ions in their ground states relative to those in their excited states in charge transfer collisions with Hef. They found the cross sections for ground-state production to be very small. Thus these collisions will selectively populate levels with an energy defect of less than 0.5 eV.
K Danzmann and M Kock
The inverted levels are situated 15.5 eV above the Ti I ground state which is 0.2 eV less than the ionisation energy of argon. Unfortunately we could not determine the population densities of levels still higher in energy, as the oscillator strengths of the lines of interest are not known.
The measurements presented explain the results of Johansson and LitzCn (1980) who observed strong enhancement of intensities belonging to the 5s-5p transition scheme in Ti 11. The level energies pertaining to these configurations are situated in the minimum and in the rising parts of the population distribution. It may be seen from figure 3 that the degree of inversion decreases slightly with increasing current. A possible explanation for this behaviour could be the fact that the noble-gas ion density would saturate with increasing current and thus ionisation by collisions with fast electrons accelerated in the cathode fall would make an increasingly important contribution. Another reason could be de-excitation of the inverted levels by collisions of the second kind with thermalised electrons. Since we have no direct information about the electron temperature we cannot yet decide which mechanism is the dominant one.
The ionic level populations show a completely different distribution if neon is used as a buffer gas instead of argon. No inversion can be seen from figure 4; on the contrary all the levels with moderate energies are overpopulated in comparison with a Boltzmann distribution. The relative population temperature of the low-lying levels increases with increasing current. This form of population distribution depends on Penning ionisation between neon metastables and titanium neutrals Ne* +Ti + Ne +Ti'* +e.
Although the energy of the neon metastables is nearly equal to the ionisation energy of argon, Ti II levels corresponding to this energy are not overpopulated. Levels with energy defects of up to several eV can be populated by Penning collision processes which do not require close energy resonances, as was pointed out by Green and Webb (1974) .
Conclusion
The significance of the present investigation is the experimental determination of absolute population density distributions in a hollow cathode as a function of the discharge current. We have chosen titanium as the cathode material for our investigation because the oscillator strengths required in the evaluation are very well known for both neutral and ionised titanium. Similar investigations for all other noble-gas-metal combinations are possible, depending on the availability of f values. Such measurements would contribute to the development of numerical models for hollow-cathode discharges.
